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Effective management of human activities affecting listed species requires understanding
both threats and animal habitat-use patterns. However, the extent of spatial overlap
between high-use foraging areas (where multiple marine species congregate) and
anthropogenic threats is not well-known. Our modeling approach incorporates data on
sea turtle spatial ecology and a suite of threats in the Gulf of Mexico to identify and map
“hot spots” of threats to two imperiled turtle species. Of all 820 “high” threats grid cells,
our tracked turtles foraged at least 1 day in 77% of them. Although threat data were not
available outside the U.S. Exclusive Economic Zone, our map of turtle and threat “hot
spots” can be incorporated in future more comprehensive threat analyses for the region.
Knowledge of these shared foraging- and threat-areas can assist managers charged
with designing effective conservation and population recovery strategies, in future habitat
modeling efforts, and in designations of Gulf of Mexico habitat with high conservation
value.
Keywords: anthropogenic threats, co-occurrence, foraging, Gulf of Mexico, sea turtles, movement models,
satellite tracking, switching state space modeling

INTRODUCTION
Biodiversity hot spots are areas with both high endemism and anthropogenic threat (Myers, 1988).
One area that appears to represent a marine hotspot is the Gulf of Mexico (GoM), yet little is known
about how species use GoM habitats or co-occur in this region. The GoM contains one of the
highest levels of species per unit area in the world, yet its biodiversity is “most threatened” on a
global scale with the second highest threat level of all marine areas reviewed (Costello et al., 2010).
Recently, the GoM was the site of the largest oil spill in U.S. history (Camilli et al., 2010).
There is a need for systematic marine conservation in the GoM, specifically including the need
to understand the scope and scale of human activities occurring in critical habitats for species of
conservation concern. Cumulative threats analyses at specific foraging grounds or along high-use
migration corridors would allow for risk analyses and risk identification for imperiled marine
species. Cumulative effects assessments (CEAs) are holistic evaluations of the combined effects
of human activities and natural processes on the environment (Stelzenmüller et al., 2018) that
represent a specific type of “impact” assessment. Although CEAs are complex, they can illuminate
key stressors and key uncertainties for management.
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MATERIALS AND METHODS

In the GoM, a focused analysis of threats and occurrence
of sea turtles is an excellent case study, given the general
need to improve our understanding of population status and
threats (Mazaris et al., 2017). This body of water supports many
imperiled species including several threatened and endangered
sea turtles such as Kemp’s ridleys (Lepidochelys kempii) and
loggerheads (Caretta caretta). Some sea turtles use the GoM
throughout their lives; they nest, grow, forage and breed within
this body of water (Lamont et al., 2015), while others spend the
majority of their lives or perform vital life functions in the GoM
(NMFS et al., 2011).
Recent tracking studies highlighted sea turtle spatial ecology
in the GoM for both Kemp’s ridleys (Shaver et al., 2013,
2016, 2017) and loggerheads (Foley et al., 2014; Hart et al.,
2014). Kemp’s ridleys are listed as endangered under the U.S.
Endangered Species Act (NMFS et al., 2011) whereas Northwest
Atlantic loggerheads are listed as threatened (NMFS and USFWS,
2008). Adult loggerheads are on average two to three times
larger than Kemp’s ridleys yet they have similar habitat needs
for foraging and nesting. Both species use sandy GoM beaches
for nesting and both forage in nearshore waters, feeding
primarily on benthic invertebrates (Shaver, 1991; Bjorndal,
1997). The co-occurrence of these two species in the GoM
meets one of the criteria listed for the determination of a
hotspot (Tittensor et al., 2010). Potential hazards to nesting
and foraging sea turtles include interactions with fisheries
(shrimp trawling and long-lining; Lewison and Crowder, 2007;
Finkbeiner et al., 2011), reduced invertebrate abundance (as
a result of trawling; Jennings and Kaiser, 1998), dead zones,
low dissolved oxygen, shipping channels, oil spills (Bjorndal
et al., 2011), and direct harvest (Lutcavage et al., 1997). These
hazards combined with documented nest declines within the
GoM (Kemp’s ridleys: Shaver and Caillouet, 2015; loggerheads:
Witherington et al., 2009; Lamont et al., 2012) make identifying
both important foraging grounds and threats for these species
crucial.
Assignment of cumulative utilization and impact (CUI)
scores is one approach for threats analysis that has been used
for sea turtles. Scores were determined for marine predators
in the California Current Ecosystem by combining electronic
tracking data of eight protected species and 24 anthropogenic
stressors (Maxwell et al., 2013). This analysis accounted for
specific vulnerabilities of each predator species to each identified
threat. Here we provide an integrated assessment of the
spatial intersection between key foraging areas for two species
of sea turtles and a derived index of eight anthropogenic
threats with spatially-explicit available layers. Although our
threats analysis is limited to those threats occurring within
the U.S. Exclusive Economic Zone, our assessment is a first
step in designating spatial locations in the GoM where limited
conservation resources may be focused to achieve population
recovery.

This study was carried out in accordance with the
recommendations of the USGS Institutional Animal Care
and Use committee who also approved the study protocol. In
addition, all federal and state permits required were obtained for
this research on turtles at Padre Island (Padre Island/USFWS
Service Agreement No. 20181-A-J819 and permit TE8407273; Texas Parks and Wildlife Department Scientific Permits
SPR-0190-122 and SPR-0790-004), Rancho Nuevo (Secretaria
de Medio Ambiente y Recursos Naturales; Subsecretaria de
Gestion para la Proteccion Ambiental; Direccion General de
Vida Silvestre Permiso No. SGPA/DGVS/03990/11), Veracruz
(SEMARNAT-Direccion General de Vida Silvestre Permiso No.
SGPA/DGVS/05559/14), Gulf Shores (USFWS permit TE2069031 and Bon Secour Special Use Permit 12-006S); and Florida
(Marine Turtle Permits #176 (issued to KH) and #118 (issued
to ML); Dry Tortugas National Park permits DRTO-2008-SCI0008, DRTO-2010-SCI-0009, and DRTO-2012-SCI-0008 (issued
to KH). Turtle handling and sampling was performed according
to Institutional Animal Care Protocol NPS IACUC 2011-15
(Padre Island) and USGS-SESC-IACUC-2011-05 (Gulf Shores
and Dry Tortugas).

Turtle Tracking and Modeling
We tagged turtles with satellite transmitters after they nested
throughout the GoM (Figure 1; Appendix). All tagging followed
established protocols (NMFS-SEFSC, 2008). Before satellitetagging turtles, we tagged each one with a passive integrated
transponder (PIT) and individually numbered flipper tags and we
took curved (CCL) and straight (SCL) carapace lengths. Kemp’s
ridleys were tagged at Padre Island National Seashore, Texas,
USA (n = 41, 1998–2013), Rancho Nuevo, Tamaulipas, Mexico
(n = 10, 2010–2011), Veracruz, Mexico (n = 12, 2012–2013),
and at Gulf Shores, Alabama, USA (n = 1, 2012). Loggerheads
were tagged at Gulf Shores, Alabama, USA (n = 30, 2011–2013),
Dry Tortugas National Park, Florida, USA (n = 15, 2008-2013),
St. Joseph Peninsula, Florida, USA (n = 16, 2010 and 2012–
2013) and Eglin Air Force Base, Florida, USA (n = 2, 2012). We
fitted a platform terminal transmitter (PTT) to each turtle. We
used Kiwisat 101 PTTs from Havelock North, New Zealand for
some Kemp’s ridleys (25 tagged 2010–2013). Other tags for both
species were from Wildlife Computers, Redmond WA, USA and
included SPOT-5 tags (22 turtles tagged 2008–2013) SPLASH-10
tags (29 tagged in 2009 and 2011–2013), ST-6 (2 tags, one in 1998
and the other in 2000), ST-20 (7 turtles tagged from 2004 to 2007),
MK-10A (5 tagged in 2011), and MK-10AF (14 tagged from 2010
to 2013).
Tags were attached in the same way as in previous studies
(e.g., Kemp’s ridleys: Shaver et al., 2013; loggerheads: Hart et al.,
2014). The anticipated battery life of each tag was 1 year or longer.
Tags were programmed variously for loggerheads (continuously
in 2008–2010, continuously then every 3rd day November-April
for 2011–2013) and Kemp’s ridleys (6 h on/6 h off for 1998–2007,
continuously for 106 days than 6 h on/6 h off for 2008, and either
continuously or 6 h on/6 h off for 2010–2013).

Abbreviations: GoM, Gulf of Mexico; NMFS, National Marine Fisheries Service;
SSM, Switching state-space model; HAB, Harmful Algal Bloom.
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FIGURE 1 | The number of days individual turtles used each 10 km grid cell throughout the Gulf of Mexico during foraging periods using filtered satellite locations for
both species (A), Kemp’s ridley (B), and loggerhead (C). Tagging sites are indicated in main panel with arrows: from the bottom left moving clockwise they include
Veracruz (Mexico); Rancho Nuevo, Tamaulipas (Mexico); Padre Island National Seashore, Texas (USA); Gulf Shores, Alabama (USA); Eglin Air Force Base, Florida
(USA); St. Joseph Peninsula, Florida (USA); and Dry Tortugas National Park, Florida (USA). Black * indicates sites where Kemp’s ridleys were tagged; red * indicates
site where both species were tagged (n = 1 Kemp’s ridley), 1-7 added for locations as in text.

after a migration as “foraging,” unless high-quality locations on
land indicated the turtle was still in the inter-nesting period.
If a turtle did not enter migration mode (i.e., their foraging
area was near their inter-nesting area), we determined the
beginning of foraging as the mean foraging start date for SSMidentified foraging dates for conspecifics (i.e., July 30th for
loggerheads).
With SSM-defined foraging dates, we used original (filtered)
satellite locations from within those time periods for further
analysis. We removed points that were on land, extremely
distant, or required speeds >5 kph. For loggerheads, we
removed locations deeper than −200 m (neritic zone cutoff);
adult female loggerheads in the southeast U.S. did not generally
leave the continental shelf (Hawkes et al., 2011). Kemp’s ridley
locations were filtered using a bathymetry cut-off of −200 m
or −100 m, as a −100 m cutoff is generally accepted for
Kemp’s ridley turtles (Fritts et al., 1983; Shaver et al., 2013;
see Supplemental methods). As further justification for these
cutoffs, mean depth for loggerhead foraging areas in the Gulf
was shallower than 33 m (Hart et al., 2014, 44 turtles) and
restricted to depths less than 100 m (Foley et al., 2014). Mean
depths of primary Kemp’s ridley foraging areas in the Gulf were
less than 18 m. For turtles that were recaptured and tagged a
second time, we used only the longest tracking period in these
analyses.

Movement of each turtle was tracked using the Argos satellite
system. Argos accuracy estimates (CLS, 2011) for location class
(LC) are as follows: LC 3, <250 m; LC 2, 250 to <500 m; LC
1, 500 to <1500 m; LC 0, >1500 m; LC A and LC B, unknown;
LC Z, failed Argos plausibility test. From 1998 to 2010, Argos
performed traditional least-squares location processing and then
from 2011 on, conducted Kalman-filtering (Kalman, 1960). The
Kalman-filtering algorithm provides more estimated positions
and significantly improves accuracy, especially for LC A and LC
B (Lopez and Malardé, 2011). Foraging periods generally begin
in June for Kemp’s ridleys (Shaver et al., 2013) and by August for
loggerheads (Hart et al., 2014). We used location data with Argos
location classes (LCs) 3, 2, 1, 0, A, and B for all analyses.
Satellite-location data are often received at irregular time
intervals and can have large temporal gaps and positional errors.
Filtering locations based on quality will not remove all erroneous
locations and can result in less information (Jonsen et al., 2005).
To account for this, we used switching state-space modeling
(SSM) to estimate location and behavioral mode at regular
time intervals, accounting for satellite positional errors, and
dynamics of the animal movement pattern (Jonsen et al., 2005).
The SSM model has previously been applied to marine animals
including turtles (e.g., Breed et al., 2009; Shaver et al., 2013;
Hart et al., 2014). Following Breed et al. (2009) we estimated
model parameters by Markov Chain Monte Carlo (MCMC) using
WinBUGS via the software program R (R Development Core
Team, 2014). We estimated location and behavioral mode every
8 h from two independent and parallel chains of MCMC. Our
samples from the posterior distribution were based on 10,000
iterations after a burn-in of 7000 and were thinned by five.
The behavioral mode output from SSM was defined as “arearestricted search” (e.g., Kareiva and Odell, 1987) or “migration”
(Jonsen et al., 2005). Since we tagged animals during nesting
seasons, we further split ‘area-restricted search’ into “foraging”
or “inter-nesting.” We defined ‘area-restricted search’ locations
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Anthropogenic Threats
We collected spatial data layers to represent the extent of a suite
of proximate threats for sea turtles in the GoM, including during
the tracking period examined. The temporal span of threats layers
varies due to the nature of the available data (from 2000 to
2015), however, both isotopic and tracking data have revealed
that these species display site-fidelity in the GoM (loggerheads:
Hart et al., 2014, 2015; Vander Zanden et al., 2015, 2016; Kemp’s
ridleys: Shaver et al., 2013, 2016; Reich et al., 2017). Therefore,
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TABLE 1 | Anthropogenic threats in the Gulf of Mexico.
Threat

Cutoff value

Time period

Source

Oil platform locations

≥1 platform within grid cell

Current; accessed 2013

Bureau of Ocean Energy Management (BOEM)

Deepwater Horizon oil spill

≥1 day with oil on water surface within
grid cell

April 24 –August 11,
2010

NRDA Workgroup Data Cumulative TCNNA SAR
Composite layer

Shrimping effort

≥10,000 shrimp effort days/year average
in grid cell

2000–2013

Shrimping effort and statistical zone cut-offs provided by
National Oceanic and Atmospheric Administration
(NOAA), J. Nance and A. Frick, pers. comm.

Commercial line fishing

Fishing intersects grid cell

2007–2014

NOAA Gulf of Mexico Data Atlas (2007-2013) and
fisher-reported trips in 2014 provided by NOAA (B.
Wrege pers. comm.)

Commercial shipping

≥100 vessel density in grid cell

October 2009–October
2010

NOAA, Office of Coast Survey (OCS)

Marinas

≥1 marina within grid cell

Current; accessed 2015

NOAA Gulf of Mexico Data Atlas

Harmful algal blooms
(Karenia brevis)

HAB event with ≥100,000 cells/L count
within grid cell

2000-2014

Florida Fish and Wildlife Conservation Commission-Fish
and Wildlife Research Institute

Hypoxia

Hypoxic conditions (Dissolved oxygen
<2 mg O2 /liter) in any year in grid cell

2001-2014

NOAA/NESDIS/NODC/NCDDC National Coastal Data
Development Center

The threats used in the grid analysis are listed with the values and time periods for each. See section Material and Methods for further source information.

2007–2013 NOAA gridded data. Because our turtle locations
are spread throughout the GoM, we also added line fishing
(e.g., longline, hook and line, hand lines) fisher-reported
trips in 2014 provided by NOAA; data included areas fished
and primary gear used (B. Wrege pers. comm.). All fishing
layers were combined to represent commercial fishing in
the GoM. For commercial shipping, we obtained data from
the yearlong survey for October 2009–October 2010 available
from the NOAA Gulf of Mexico Data Atlas (Commercial
Vessel Density October 2009–2010 AIS National). We mapped
marinas and Boat Ramps (U.S. only) from the Gulf of
Mexico Data Atlas. HABs were based on the probability of
fish die-offs. For hypoxic zones, we used data provided by
NOAA of bottom dissolved oxygen measured during summer
groundfish surveys throughout western and north-central
GoM. Hypoxia occurs when the oxygen concentrations are
below 2 mg/L.
For each layer, we intersected the spatial extent of the threat
with a pre-defined 10-km2 grid, so that each grid cell was either
affected (1) or unaffected (0) by the threat. For layers with data
describing differing intensities of a threat (e.g., vessel density in
the commercial shipping layer), we used simple cutoff values to
classify the cell as affected or not, related to the intensity and/or
occurrence of the threat within the cell (see Table 1 for data
sources, time periods used and more details). Specifically, we
marked each grid cell as containing a threat if, (1) any Deepwater
Horizon oil day occurred, (2) any oil platform was present, (3)
hypoxic conditions in any year 2000–2014, (4) ≥100 (class 5)
vessel density (2009-2010 layer), (5) ≥ an average 10,000 shrimp
effort days/ year (2000–2013), (6) intersection with HAB point
locations after year 2000 with point count > 100,000 cells/liter
of Karenia brevis (the lower limit for “medium” concentration
used by NOAA HABSOS), (7) intersection with a marina, and
(8) intersection with commercial line fishing. Because the data
sources used to create the threat index were available only for

while we include layers that did not perfectly coincide temporally
with tracking periods, we assume that both threats and turtle
locations are generally spatially consistent over time. These
layers included oil-extraction related threats (areas affected by
the Deepwater Horizon oil spill, oil platform locations), threats
related to human presence (shrimping effort, areas of commercial
line fishing, commercial shipping density, and marina locations),
and threats related to biological events affecting habitat quality
(harmful algal blooms (HABs) of Karenia brevis, hypoxic
zones). Other anthropogenic impacts not considered here
may threaten sea turtle populations, such as plastic pollution
ingestion, entanglement with derelict fishing gear, and direct
harvest. However, not all threat data is available or spatiallyreferenced. Thus, we consider our threat index a minimum
or conservative representation of anthropogenic pressure, not
a full CEA. See below for more details on each threat layer
(Table 1).
Oil platforms included all platforms existing in the Bureau
of Ocean Energy Management (BOEM) database; these are all
located in federal USA waters. For the Deepwater Horizon
oil spill, we mapped the surface oiling layer Cumulative
TCNNA SAR Oiling—Days of Oiling (PDARP) (Environmental
Response Management Application, Web application, ERMA
Deepwater Gulf Response, National Oceanic and Atmospheric
Administration, 20141 Web.19 December 2013). Shrimping
effort and statistical zone cut-offs were provided by the National
Oceanic and Atmospheric Administration (NOAA), J. Nance
& A. Frick, pers. comm. For commercial line fishing, we
mapped the Catch per Unit Effort (CPUE) from the red
grouper bottom longline fishery, and from both the red snapper
and vermillion snapper vertical line commercial fisheries with
1 Available

online at: http://response.restoration.noaa.gov/erma/. (Accessed 9
January, 2014)
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U.S. waters, we limited this analysis to within the U.S. Exclusive
Economic Zone.

TABLE 2 | Foraging days and filtered locations.
Days

Turtle and Threats Spatial Intersection

Kemp’s ridley n = 190 foraging periods (64 turtles)

We calculated the number of days each grid cell was used
by individual turtles (turtle-days) and eliminated duplicated
observations for each turtle per each day. We also summed the
total number of threats within each cell to create a threat index
value, with a potential range from zero (no threats occur in the
cell) to eight (all identified threats occur in the cell), however
the maximum threat value in any given cell was six. Therefore,
we classified a cell to have a high threat value if it had 4–6
threats present. We then multiplied the two grids together (turtledays grid and threats grid) to get a representation of potential
anthropogenic impacts to sea turtles in each grid cell. Using
ArcMap10.4 (ESRI, 2011), we mapped these turtle-threat values
into 6 categories using the Natural Break (Jenks) classification
system that splits data ranges. Based on this output, we defined
the upper two categories (values 161–570) as “hot spots” of
turtle-use and anthropogenic threats. Finally, we conducted a
Spearman’s rank test to assess the association between level of
use and threat in each grid cell in the U.S. EEZ. We performed
all statistical calculations in R (R Development Core Team,
2014).

Loggerhead n = 83 foraging periods (63 turtles)

min

1

0

max

424

2,508

mean

50.5

442.8

SD

71.2

548.6

sum

9,596

28,338

min

2

5

max

780

1913

mean

103.3

478.6

SD

127.4

400.4

sum

8,571

30,154

Numbers were summed based on foraging periods (190 for Kemp’s ridleys and 83 for
loggerheads). These periods were not combined for individual turtles that had more than
one foraging period. Days, the number of days in foraging mode; Locations, the number
of filtered locations during foraging mode.

levels of threats and (2) use of foraging grounds (Spearman’s
ρ = 0.47, p < 0.001), suggesting that turtles tend to forage in areas
with higher levels of threats (4–6 identified threats). Of all 820
high threats grid cells (4–6 identified threats), our sampled turtles
foraged at least 1 day in 77% of them (635 grid cells). Further,
635/1679 (38%) of cells with both threats and turtle-days were
classified as high threat.

RESULTS

DISCUSSION

From 1998 to 2013, we obtained foraging areas for 127 turtles
(64 Kemp’s ridleys and 63 loggerheads) tagged at various
locations around the GoM (n = 7 sites), including Padre
Island National Seashore, Texas, USA (n = 41), Rancho Nuevo,
Tamaulipas, Mexico (n = 10), Veracruz, Mexico (n = 12), Gulf
Shores, Alabama, USA (n = 31), Dry Tortugas National Park,
Florida, USA (n = 15), St. Joseph Peninsula, Florida, USA
(n = 16) and Eglin Air Force Base, Florida. USA (n = 2)
(Figure 1).
Over all turtles, foraging periods totaled 18,167 days, ranging
from 1 to 424 d (mean ± SD = 50.5 ± 71.2 d) for Kemps and 2 to
780 d (mean ± SD = 103.3 ± 127.4 d) for loggerheads. These
foraging locations provided 58,492 filtered locations (28,338
for Kemp’s ridleys and 30,154 for loggerheads; Table 2). High
numbers of foraging turtle-days per grid cell occurred at locations
spread across the GoM, with Kemp’s ridleys primarily foraging
in the western GoM and loggerheads in the eastern GoM
(Figure 1).
“Hot spots” of turtle-use and anthropogenic threats (see
Figure 2) were concentrated primarily off the coast of Louisiana
(i.e., red and orange cells, values 161–570 in Figure 3A),
but smaller areas occurred across neritic areas of the GoM.
Considering only grid cells with both Kemp’s ridleys and
loggerhead turtle-days, the number of threats in these
overlap areas was also highest on the Louisiana coast but
a high number of threats (i.e., four) were also observed in
overlap areas along Alabama and northern Florida coasts
(Figure 3B).
Analysis of the derived threats grid for the GoM (Figure 2)
revealed a moderately strong positive association between (1)

Frontiers in Marine Science | www.frontiersin.org

Locations

We demonstrate locations in the GoM where two imperiled
sea turtle species co-occur during their foraging periods
with a suite of anthropogenic threats. Further, we identified
critical areas, such as off the coast of Louisiana, USA where
both species and almost all assessed threats occur. These
results provide guidance for conservation of GoM habitats. By
identifying these turtle- and threat-co-occurrence hot spots,
optimization of limited conservation resources is possible
(Piacenza et al., 2015).

Anthropogenic Threats
Pelagic longlines are a substantial cause of sea turtle mortality
and management actions have been suggested for any ships that
encounter turtles (Lewison and Crowder, 2007). We found that
commercial line fisheries occur across virtually the entire GoM.
While we looked at broad-scale data on line fisheries, this wide
distribution demonstrates that they could be a significant threat
in this region.
In addition to line fisheries, shrimp trawling takes place to
varying degrees across the entire US coast of the GoM. Annual
bycatch numbers for Atlantic fisheries, which includes both
the southeast and GoM areas, has been estimated at 98,300
Kemp’s ridleys (with a mortality rate of 2,700) and 26,500
loggerheads (mortality of 1,400; Finkbeiner et al., 2011). Of that
total, the SE/GoM trawl fishery made up 98% of interactions
and accounted for more than 80% of mortality events. Further,
of these, the GoM alone comprised most interactions (73%)
and mortality events (96%; Finkbeiner et al., 2011). Although
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FIGURE 2 | (A) Spatial depiction of six anthropogenic threats in the GoM; (B) intensity of shrimp trawling by National Marine Fisheries Service (NMFS) statistical zone
and locations of marinas. See supplemental methods for details on each layer.

these numbers represented decreases from pre-2003 (attributed
to turtle exclusion devices and trawling reduction), loggerhead
interactions increased from 2007 to 2009 (Finkbeiner et al., 2011),
and the predicted exponential increase in nesting for Kemp’s
ridleys (NMFS et al., 2011) ended in 2010 and has not resumed
(Shaver and Caillouet, 2015).
We used spatial layers for marinas and shipping lane density
as indicators for potential boat strikes with turtles. In the
Mediterranean, boat strikes were a common cause for sea
turtle mortality (second only to fisheries), including loggerheads
(Casale et al., 2010). The high amount of shipping lanes in the
western GoM and south of Florida, USA, as well as recreational
boat traffic close to shore could therefore pose a significant threat
to sea turtles and even other marine megafauna such as sperm
whales Physeter macrocephalus (Watwood et al., 2006) in the
GoM.
Karenia brevis blooms in the Gulf of Mexico can cause
large-scale fish kills, kill large vertebrates and damage benthic
communities (Landsberg et al., 2009). Loggerheads and Kemp’s
ridleys stranded off the Florida (USA) coast in 2005-2006
were linked to Karenia brevis red tide events (Fauquier et al.,
2013). While acute deaths from these toxins is possible,
Capper et al. (2013) found that turtles can be non-lethally
exposed to HABs chronically over long periods of time
possibly harming their health. In addition, hypoxic zones may
affect the distribution of sea turtles as demersal prey species

Frontiers in Marine Science | www.frontiersin.org

may disperse from hypoxic areas to those with intermediate
dissolved oxygen (Craig et al., 2001). Shifting habitat to
follow prey could result in energetic losses for foraging
turtles.
After the Deepwater Horizon oil spill, loggerheads maintained
foraging site fidelity within the spill footprint, putting them
at risk for oil and chemical exposure (Vander Zanden et al.,
2016). In one study, >50% of sampled Kemp’s ridleys may
have been exposed to oil, which was implicated as a possible
factor in their slowing population growth (Reich et al., 2017).
The full extent of biological harm to these species and
their prey from the spill is still being determined and the
potential for future spills (based on the vast number of oil
platforms at >7,000 platforms in the BOEM database for
federal GoM waters) maintains this as a serious conservation
concern.

Spatial Intersection
The primary hotspot for the two species and anthropogenic
threats examined here occurred off the coast of Louisiana,
USA. The majority of foraging locations for Kemp’s ridley
females tracked in our study occurred in the western half of
the GoM whereas female loggerhead foraging locations were
in the eastern half of the GoM. Loggerhead nest abundance
declines significantly west of Florida, USA (NMFS and USFWS,
2008) and Kemp’s ridleys primarily nest in Mexico and Texas,
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FIGURE 3 | (A) Foraging days for both Kemp’s ridley and loggerhead turtles multiplied by an anthropogenic threat index in 10 km grid cells within the U.S. Exclusive
Economic Zone (EEZ). “Hot spots” of turtle-use and anthropogenic threats are shown with red and orange cells (values 161- 570) (B) The number of threats in each
grid cell for which foraging locations of both species were observed. “High” threats are shown by cells with 4–6 threats occurring (yellow, orange, red).

this information to direct targeted and effective conservation
and monitoring efforts. Research on the impact level of each
threat to these species will also help us move toward having
a CEA for the GoM. Integrative marine assessments (see
Borja et al., 2016) can include this information in future
evaluations of the resilience of the GoM marine ecosystem.
The particular threat data available are limited regarding
quality and quantity of specific pressure data; improvements
in the coverage and intensity of these layers (both spatially
and temporally) can help to inform key questions in Marine
Megafauna Movement Ecology (Hays et al., 2016), including
“What Areas Can Be Considered Hot spots for Multiple Species
on a Global Scale” and “How Do Anthropogenic Activities Affect
Movements?”.
This study is one of the few quantifying threats at foraging
areas in the GoM, and we provide key data for a species with
limited distribution (i.e., Kemps ridley). We further demonstrate
the need for conservation of sites that have key critical foraging
habitat for two imperiled sea turtle species (following on Hart
et al., 2012). Lastly, another set of major threats not included
in this analysis are those currently occurring and predicted
from climate change (e.g., Almpanidou et al., 2017). It will
be important to track changes and shifts in both sea turtle
habitat-use patterns and threat levels in these and other sea turtle
foraging “hot spots” as well as to assess how impact weights of

USA (Shaver and Caillouet, 2015). Although loggerheads tracked
from nesting beaches in the GoM have made long-distance
movements, few have moved into the western GoM (e.g., Foley
et al., 2014; Hart et al., 2014). Further research is needed
into resource availability for Kemp’s ridleys and loggerheads in
the GoM, as well as whether these spatial habitat-use patterns
here hold for other individuals in the populations (i.e., males,
subadults).

CONCLUSION
By delineating foraging areas for two sea turtle species over
multiple years in a body of water with many anthropogenic
stressors, we identified areas of particular concern for adult
females which could provide high conservation dividends.
Our derived threat index represents a minimum indicator
of anthropogenic pressures in the GoM, and is a first step
for a CEA or CUI that includes sea turtles. Our results
indicate that, although all threats described here have the
potential to impact recovery of these species, commercial line
fishing, shrimp trawling, hypoxia, shipping lanes, and oil spills
off the southern Louisiana, USA coast and commercial line
fishing and HABs off the SW coast of Forida, USA appear to
represent the most serious ongoing threats at foraging areas
of these two sea turtle species. Resource managers can use
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FUNDING

existing threats may fluctuate due to climate change in the future.
The growing body of literature of vulnerability assessments
focused on sea turtles (e.g., Fuentes et al., 2011; Almpanidou et al.,
2016) could be expanded from evaluations of nesting beaches to
include resilience factors at foraging sites to inform population
viability for both of these imperiled species. Environmental
conditions at most foraging areas are understudied or
unknown, thus a future avenue of research providing ecological
correlates of foraging area use with environmental parameters is
warranted.
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APPENDIX
Tagging turtles
All tagging followed established protocols (NMFS-SEFSC 2008). Before satellitetagging turtles, we tagged each one with a passive integrated transponder (PIT) and individually
numbered flipper tags and we took curved (CCL) and straight (SCL) carapace lengths.
Kemp’s ridleys were tagged at PAIS (n =41, 1998-2013), RNMX (n =10, 2010-2011),
VCMX (n = 12, 2012-2013), and at GS (n = 1, 2012). Loggerheads were tagged at GS (n = 30,
2011-2013), DRTO (n = 15, 2008-2013), SJP (n = 16, 2010 and 2012-2013) and EAFB (n = 2,
2012).
We fitted a platform terminal transmitter (PTT) to each turtle. We used Kiwisat 101 PTTs
from Havelock North, New Zealand for some Kemp’s ridleys (25 tagged 2010-2013). Other tags
for both species were from Wildlife Computers, Redmond WA, USA and included SPOT-5 tags
(22 turtles tagged 2008-2013) SPLASH-10 tags (29 tagged in 2009 and 2011-2013), ST-6 (2
tags, one in 1998 and the other in 2000), ST-20 (7 turtles tagged from 2004-2007), MK-10A (5
tagged in 2011), and MK-10AF (14 tagged from 2010-2013).
Tags were attached in the same way as in previous studies (e.g. loggerheads: Hart et al.
2014; Kemp’s ridleys: Shaver et al. 2013). The anticipated battery life of each tag was 1 year or
longer. Tags were programmed variously for loggerheads (continuously in 2008-2010,
continuously then every 3rd day November-April for 2011-2013) and Kemp’s ridleys (6 h on/6 h
off for 1998-2007, continuously for 106 days then 6 h on/6 h off for 2008, and either
continuously or 6 h on/6 h off for 2010-2013).

Argos accuracy

Argos accuracy estimates (CLS 2011) for location class (LC) are as follows:
LC 3: <250 m
LC 2: 250 to <500 m
LC 1: 500 to <1500 m
LC 0: >1500 m
LCA and LCB: unknown
LC Z: failed Argos plausibility tests
From 1998-2010, Argos performed traditional least-squares location processing and then
from 2011 on, conducted Kalman-filtering (Kalman 1960). The Kalman-filtering algorithm
provides more estimated positions and significantly improves accuracy, especially for LCs A and
B (Lopez & Malardé 2011).

Foraging start dates
Two loggerhead turtles had more than 150 tracking days but never entered migration
mode (i.e., their foraging area was near their inter-nesting area. For the remaining loggerheads
(with SSM-identified foraging dates), we calculated the mean foraging start date by averaging
the first month and day of the first foraging period per turtle. We used the mean foraging start
date (July 30th) for the turtles without migration modes as the beginning of their foraging period.
All Kemp’s ridleys entered a migration mode, so this was not necessary for Kemp’s ridley
turtles.

Depth filtering
For some previous summaries, we filtered Kemp’s ridley locations using a bathymetry
cut-off of -100 m, as is generally accepted for Kemp’s ridley turtles (see methods). This included
Kemp’s ridleys published in Shaver et al. 2013 as well as 14 other Kemps’ ridleys.

Source information for Gulf of Mexico threats

Oil rig locations: Platforms in this layer included all platforms existing in the Bureau of Ocean
Energy Mangement (BOEM) database.
(http://www.data.boem.gov/homepg/data_center/mapping/geographic_mapping.asp, accessed on
4 December 2013.)

Deepwater Horizon oil spill: We mapped the surface oiling layer Cumulative TCNNA SAR
Oiling – Days of Oiling (PDARP) (Environmental Response Management Application, Web
application, ERMA Deepwater Gulf Response, National Oceanic and Atmospheric
Administration, 2014. Web.19 December 2013). See http://response.restoration.noaa.gov/erma/.
Data URL: http://gomex.erma.noaa.gov/erma.html#/x=88.25810&y=27.03211&z=6&layers=23037, accessed 9 January, 2014.

Shrimping effort: Shrimping effort and statistical zone cut-offs provided by the National
Oceanic and Atmospheric Administration (NOAA), J. Nance & A. Frick, pers. comm.

Commercial line fishing: We mapped the Catch per Unit Effort (CPUE) from the red grouper
bottom longline fishery, and from both the red snapper and vermillion snapper vertical line
commercial fisheries with 2007-2013 NOAA gridded data (www.ncddc.noaa.gov). Because our
turtle locations are spread throughout the GoM, we also added line fishing (e.g. longline, hook
and line, hand lines) fisher-reported trips in 2014 provided by NOAA; data included areas fished

and primary gear used (B. Wrege pers. comm.). All fishing layers were combined to represent
commercial fishing in the GoM.

Commercial shipping: Obtained from the yearlong survey for October 2009 – October 2010
available from the NOAA Gulf of Mexico Data Atlas (Commercial Vessel Density October
2009-2010 AIS National, https://gulfatlas.noaa.gov/ accessed February 2015).

Marinas: Marinas and Boat Ramps (U.S. only) In Gulf of Mexico Data Atlas, accessed 17
February 2015, https://gulfatlas.noaa.gov/.

Harmful algal blooms: Based on probability of fish die-offs. For description of impact levels,
see http://tidesandcurrents.noaa.gov/hab/faq.html#8.

Hypoxia: For hypoxic zones, we used data provided by NOAA of bottom dissolved oxygen
measured during summer groundfish surveys throughout western and north-central GoM
(http://www.ncddc.noaa.gov/hypoxia/products/, accessed 8 December 2014). Hypoxia occurs
when the oxygen concentrations are below 2 mg/L.
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